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SUMMARY 
I n s o m e m i n i n g o p e r a t i o n s o r e i s t r a n s p o r t e d t h r o u g h 
p i p e l i n e s i n t h e f o r m o f a s l u r r y . O c c a s i o n a l f a i l u r e o f 
p u m p c a s i n g s i n d i c a t e s t h a t v e r y l a r g e t r a n s i e n t p r e s s u r e s 
a r e s o m e t i m e s g e n e r a t e d i n s u c h s y s t e m s . I t h a s b e e n o b ­
s e r v e d t h a t , i n t h e s e s y s t e m s , t h e r e i s a n a p p a r e n t r e l a t i o n ­
s h i p b e t w e e n w a t e r h a m m e r a n d c a v i t a t i o n i n t h e p u m p n e a r e s t 
t h e p i p e l i n e i n t a k e . S u c h c a v i t a t i o n c a n b e e x p l a i n e d b y 
c l o g g i n g o f t h e i n t a k e . 
T h e p u r p o s e o f t h i s r e s e a r c h w a s t o s t u d y a t y p e o f 
u n s t e a d y f l o w i n a p i p e l i n e w h i c h s i m u l a t e d p e r i o d i c c l o g g i n g 
a n d u n c l o g g i n g o f m a t e r i a l - t r a n s p o r t i n g p i p e l i n e s . 
T h e m o d e l p i p e l i n e , c o n s i s t i n g o f t h r e e c e n t r i f u g a l 
p u m p s c o n n e c t e d b y c o p p e r t u b i n g , w a s c o n s t r u c t e d s o t h a t 
t h e c l o g g i n g - u n c l o g g i n g c y c l e c o u l d b e s i m u l a t e d b y p e r i o d i c 
o p e r a t i o n o f a v a l v e a t t h e i n t a k e . E q u i p m e n t w a s p r o v i d e d 
t o m a k e p r e s s u r e m e a s u r e m e n t s d u r i n g b o t h s t e a d y - f l o w a n d 
u n s t e a d y - f l o w t e s t s . 
T h r e e r u n s o f u n s t e a d y - f l o w t e s t s w e r e m a d e . D u r i n g 
t h e s e t e s t s p r e s s u r e - t i m e r e c o r d s w e r e m a d e a t t h r e e p i e z o ­
m e t e r s . D u r i n g e a c h o f t h e t h r e e r u n s t h e i n l e t v a l v e w a s 
o p e n e d a n d p a r t i a l l y c l o s e d c y c l i c l y , w i t h a d i f f e r e n t 
a m p l i t u d e o f v a l v e m o v e m e n t f o r e a c h r u n . 
v i i 
Analys is of the pressure- t ime records y i e l ded the 
f o l l o w i n g conc lus ions t 
(1) Water-hammer waves o r i g i n a t e d from co l lapses of 
vapor pockets i n successive pumps, beginning at an upstream 
pump; each wave was of greater magnitude than the previous 
one, 
( 2 ) The pressure r i s e i n a p a r t i c u l a r pump and the 
time between co l lapses i n successive pumps increased w i t h 
i nc reas ing degree of c a v i t a t i o n i n the pumps. 
( 3 ) Water-hammer waves were t r ansm i t t ed through 
opera t ing c e n t r i f u g a l pumps under c e r t a i n c i rcumstances; 
when s u f f i c i e n t l y la rge vapor pockets ex i s ted i n the pumps 




Description of the Problem 
This investigation is concerned with water hammer in 
pipelines containing cavitating pumps. The results of 
experiments performed on a laboratory model of a pipeline 
with three centrifugal pumps in series are analyzed. 
In many mining operations a convenient method of 
transporting ore is to convey it through pipelines in the 
form of a slurry with centrifugal pumps providing the 
driving force. A common occurrence in material-transporting 
pipelines is.the "blowing up" of pumps as if an explosion 
had taken place inside. In a report on exploratory tests 
Carstens (1) noted that observation indicated that the 
"blowing up" was related to the frequent operation of the 
upstream pump in a cavitating condition. 
An explanation can be given for the cavitation in 
the upstream pump if the transported material is distributed 
unevenly throughout the slurry and clogs the intake. If 
the clogging of the suction line of the upstream pump 
results in cavitation at that pump5 the head produced drops 
rapidly. This loss of head at the upstream pump can result 
in increasingly severe cavitation at each successive 
2 
DOWNSTREAM P U M P ? W I T H THE D E V E L O P M E N T O F V A P O R C A V I T I E S 
W I T H I N T H O S E P U M P S . T H E P R E S S U R E R I S E A F T E R T E R M I N A T I O N 
O F THE C L O G G I N G R E S U L T S I N DECAY O F THE VAPOR C A V I T I E S W H I C H , 
I N T U R N , R E S U L T S I N WATER HAMMER. 
P U R P O S E O F THE R E S E A R C H 
T H E P U R P O S E O F T H E R E S E A R C H WAS TO S T U D Y E X P E R I ­
MENTALLY A S I M I L A R T Y P E O F U N S T E A D Y FLOW AND THE R E S U L T I N G 
P A T T E R N O F U N S T E A D Y P R E S S U R E . TH© U N S T E A D Y FLOW WAS C A U S E D 
BY P E R I O D I C O P E R A T I O N O F THE I N L E T VALVE O F A MODEL P I P E L I N E 
C O N T A I N I N G T H R E E P U M P S I N S E R I E S . T H E P E R I O D I C I N L E T - V A L V E 
O P E R A T I O N Q U A L I T A T I V E L Y R E S E M B L E S THE C L O G G I N G AND U N C L O G G I N G 
O F THE M A T E R I A L - T R A N S P O R T P I P E L I N E . T H R E E R A N G E S O F P E R I O D I C 
VALVE O P E R A T I O N WERE C H O S E N S O THAT THE E F F E C T O F D I F F E R I N G 
D E G R E E S O F PUMP C A V I T A T I O N WOULD B E I N C O R P O R A T E D I N T O THE 
E X P E R I M E N T A L S T U D Y . 
R E V I E W O F THE L I T E R A T U R E 
T H E F I R S T I M P O R T A N T ADVANCES I N THE THEORY O F WATER 
HAMMER WERE MADE B Y J O U K O V S K Y ( 2 ) A N D ' A L L I E V I ( 3 ) . W I T H 
T H E I R WORKS AS A B A S E O T H E R S HAVE MADE GREAT S T R I D E S I N 
THE A P P L I C A T I O N O F THEORY TO V A R I O U S T Y P E S O F D E S I G N 
P R O B L E M S . 
A NUMBER O F I N V E S T I G A T O R S HAVE C O N C E R N E D T H E M S E L V E S 
W I T H WATER HAMMER A S S O C I A T E D W I T H W A T E R - C O L U M N S E P A R A T I O N . 
AMONG T H E S E ARE B I N N I E ( 4 ) . B I N N I E AND THACKRAH ( 5 ) , BUNT 
( 6 ) , A P E L T ( 7 ) 0 R I C H A R D S ( 8 ) , AND K E P H A R T AND D A V I S ( 9 ) . 
3 
These writers considered column separation either downstream 
from a quickly close4 valve or a pump that suddenly ceased 
operation, or at an elevated point in a pipeline. Heath (10) 
studied water hammer associated with column separation 
upstream from a valve caused by a negative reflected wave. 
The only additional study of water hammer associated 
with cavitation in centrifugal pumps of which the writer has 
knowledge is a thesis by Martin (11)* Martin's study was 
made with the same equipment used by the writer. The 
purpose was to study water hammer associated with a rapidly 
opened upstream valve. • Martin was able to trace the origin 
of the water-hammer waves to the decay of vapor pockets 
within the pumps. 
4 
C H A P T E R I I 
E Q U I P M E N T A N D I N S T R U M E N T A T I O N 
G e n e r a l 
T h e e x p e r i m e n t a l i n v e s t i g a t i o n w a s p e r f o r m e d o n a 
l a b o r a t o r y m o d e l o f a p i p e l i n e f o r w h i c h t h r e e c e n t r i f u g a l 
p u m p s i n s e r i e s p r o v i d e d t h e d r i v i n g f o r c e . P i e z o m e t e r s 
w e r e i n s t a l l e d a t v a r i o u s p o i n t s a l o n g t h e l e n g t h o f t h e 
m o d e l . T h e e q u i p m e n t I n c l u d e d i n s t r u m e n t s f o r m e a s u r i n g 
p r e s s u r e a t a n y g i v e n p i e z o m e t e r d u r i n g s t e a d y - f l o w t e s t s 
a n d i n s t r u m e n t s f o r m a k i n g p r e s s u r e - t i m e r e c o r d s a t t h r e e 
o f t h e p i e z o m e t e r s d u r i n g u n s t e a d y - f l o w t e s t s . 
A r r a n g e m e n t o f P i p e l i n e M o d e l 
T h e g e n e r a l a r r a n g e m e n t o f e x p e r i m e n t a l e q u i p m e n t 
i s s h o w n i n F i g . 1 * . 
T h e m o d e l w a s s u b m e r g e d i n w a t e r s o t h a t a i r l e a k a g e 
i n t o t h e s y s t e m a t p o i n t s o f l o w p r e s s u r e c o u l d b e k e p t a t 
a m i n i m u m . A w o o d e n t a n k , w h i c h a l s o a c t e d a s t h e r e s e r v o i r 
f o r b o t h i n t a k e a n d d i s c h a r g e , w a s u s e d f o r t h i s p u r p o s e . 
T h e p i p i n g w a s c o p p e r t u b i n g w i t h a n i n s i d e d i a m e t e r 
o f o n e - h a l f i n c h . T h e s e c t i o n s o f t u b i n g w e r e c o i l e d s o a s 
* A 1 1 t a b l e s a n d f i g u r e s a r e s h o w n i n A p p e n d i x a t e n d 
o f t h e s i s . 
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t o f i t i n t h e t a n k . 
A p l u g v a l v e was p l a c e d a t t h e i n t a k e o f t h e p i p e ­
l i n e . The d e g r e e o f v a l v e o p e n i n g was i n d i c a t e d by a s c a l e 
d i v i d e d i n t o t e n u n i t s f o r t h e f u l l r a n g e o f movement . 
T h r e e O b e r d o r f e r b r o n z e c e n t r i f u g a l pumps, mode l 
1 G - P , w e r e used i n t h e p i p e l i n e . Each pump was d r i v e n by 
a o n e - t h i r d - h o r s e p o w e r , s p l i t ° - p h a s e m o t o r . The s p e e d o f 
r o t a t i o n o f t h e m o t o r s was 1750 r e v o l u t i o n s p e r m i n u t e . By 
means o f a s y s t e m o f p u l l e y s and b e l t s t h e pumps were 
o p e r a t e d a t 5 0 0 0 r e v o l u t i o n s p e r m i n u t e . The d r i v e s h a f t s 
o f t h e pumps e x t e n d e d t h r o u g h a s i d e w a l l o f t h e t a n k . 
Leakage a r o u n d t h e s h a f t s was c o n t r o l l e d by b u s h i n g s . 
The d i m e n s i o n s o f t h e p i p e l i n e a r e shown i n F i g . 2 . 
I n s t r u m e n t a t i o n 
N i n e p i e z o m e t e r s w e r e p r o v i d e d f o r m a k i n g p r e s s u r e 
m e a s u r e m e n t s . P i e z o m e t e r s were p l a c e d on t h e d i s c h a r g e and 
s u c t i o n s i d e s o f t h e pumps and n e a r t h e c e n t e r s o f t h e 
l e n g t h s o f p i p i n g as shown i n F i g * 2 . These w e r e c o n n e c t e d 
t o t h e p i p e l i n e by a t e e . The p i e z o m e t e r t u b e s p r o j e c t e d 
t h r o u g h t h e b o t t o m o f t h e t a n k and t h r o u g h t h e f l o o r o f 
t h e b a l c o n y on w h i c h t h e t a n k was l o c a t e d as shown i n 
F i g . 3 . The c o p p e r t u b i n g f o r t h e p i e z o m e t e r s was t h e same 
s i z e as t h a t used f o r t h e p i p e l i n e . N e e d l e v a l v e s were 
c o n n e c t e d t o t h e ends o f t h e p i e z o m e t e r t u b e s . T h e v a l v e s 
were submerged i n b u c k e t s o f w a t e r t o r e d u c e a i r l e a k a g e . 
6 
F o r t h e s t e a d y - f l o w t e s t s t h e p i e z o m e t e r s w e r e c o n ­
n e c t e d t o a s i n g l e b o u r d o n g a g e w i t h f l e x i b l e p l a s t i c 
t u b i n g . T h e g a g e r e g i s t e r e d p o s i t i v e p r e s s u r e s i n p o u n d s 
p e r s q u a r e i n c h , a n d p r e s s u r e c o u l d b e e s t i m a t e d t o o n e -
t e n t h o f a p o u n d p e r s q u a r e i n c h . F o r n e g a t i v e p r e s s u r e s 
t h e g a g e r e g i s t e r e d i n i n c h e s o f m e r c u r y , a n d p r e s s u r e c o u l d 
b e e s t i m a t e d t o o n e - t e n t h o f a n i n c h o f m e r c u r y . P r e s s u r e 
w a s m e a s u r e d b y o p e n i n g t h e n e e d l e v a l v e o n a p a r t i c u l a r 
p i e z o m e t e r w h e n a l l o t h e r s w e r e c l o s e d . 
F o r t h e u n s t e a d y - f l o w t e s t s p r e s s u r e - t i m e r e c o r d s 
w e r e m a d e w i t h a n o s c i l l o g r a p h i c s y s t e m c o n s i s t i n g o f 
p r e s s u r e t r a n s d u c e r s a n d r e c o r d e r s . T h e n e e d l e v a l v e s o n 
p i e z o m e t e r s n o s . 3 , 6 , a n d 9 w e r e r e p l a c e d b y S t a t h a m 
e l e c t r o n i c p r e s s u r e t r a n s d u c e r s * . T h e t r a n s d u c e r s w e r e 
c o n n e c t e d t o t w o S a n b o r n r e c o r d e r s w i t h f © u r - s t r a n d 
s h i e l d e d c a b l e . O n e r e c o r d e r w a s c o n n e c t e d t o t h e t r a n s ­
d u c e r o n p i e z o m e t e r n o . 3 a n d t h e o t h e r t o t h e t r a n s d u c e r s 
o n p i e z o m e t e r s n o s . 6 a n d 9 . E a c h r e c o r d e r h a d a n a u t o m a t i c 
t i m i n g d e v i c e t h a t m a d e a m a r k o n t h e r e c o r d i n g p a p e r a t 
o n e - s e c o n d i n t e r v a l s . B y m e a n s o f a r e m o t e s w i t c h a n d a 
r e l a y , a m a r k w a s m a d e s i m u l t a n e o u s l y by t h e t i m i n g d e v i c e s 
o f b o t h S a n b o r n r e c o r d e r s , t h e r e b y s y n c h r o n i z i n g t h e r e c o r d s . 
A n o t h e r s e r i e s o f u n s t e a d y - f l o w t e s t s w a s r e c o r d e d 
o n a n o s c i l l o s c o p e c o n n e c t e d t o t h e t r a n s d u c e r o n p i e z o m e t e r 
T h e ' n u m b e r i n g s y s t e m f o r p u m p s a n d . p i e z o m e t e r s - i s 
s h o w n i n F i g . 2 , 
n o . 6 . T h e o s c i l l o s c o p e w a s a D u M o n t c a t h o d e - r a y t y p e . 
T h e p r e s s u r e f l u c t u a t i o n s w e r e r e c o r d e d b y m a k i n g t i m e 
p h o t o g r a p h s o f t h e o s c i l l o s c o p e s c r e e n w i t h a P o l a r o i d 
c a m e r a . 
C H A P T E R I I I 
P R O C E D U R E 
S t e a d y - F l o w T e s t s w i t h D o w n s t r e a m - V a l v e C o n t r o l 
T h e f i r s t t e s t s w e r e p e r f o r m e d u n d e r s t e a d y - f l o w 
c o n d i t i o n s . T h e s e t e s t s w e r e m a d e t o d e t e r m i n e c h a r a c t e r ­
i s t i c s o f t h e p u m p s w i t h n o c a v i t a t i o n a n d t o d e t e r m i n e 
t h e d i s c h a r g e i n l a t e r t e s t s b y t h e s l o p e o f t h e p i e z o m e t r i c 
h e a d l i n e . A g l o b e v a l v e w a s t e m p o r a r i l y c o n n e c t e d t o t h e 
d o w n s t r e a m e n d o f t h e p i p e l i n e t o m a i n t a i n p o s i t i v e 
p r e s s u r e s i n t h e s y s t e m . G r a v i m e t r i c m e a s u r e m e n t s o f 
d i s c h a r g e w e r e m a d © w i t h o n e s t w o P a n d t h r e e p u m p s o p e r a t i n g . 
P r e s s u r e m e a s u r e m e n t s w e r e m a d e a t a l l p i e z o m e t e r s . 
S t e a d y - F l o w T e s t s w i t h U p s t r e a m - V a ^ v e C o n t r o l 
S t e a d y - f l o w t e s t s w e r e m a d e w i t h u p s t r e a m - v a l v e 
c o n t r o l i n o r d e r t h a t t h e c h a i ' a c t e r i s t i c s o f t h e c a v i t a t i n g 
p u m p s c o u l d b e d e t e r m i n e d . P r e s s u r e m e a s u r e m e n t s w e r e m a d e 
f o r t h e f u l l r a n g e o f v a l v e o p e n i n g s w i t h a l l p u m p s 
o p e r a t i n g . 
U n s t e a d y - F l o w T e s t s w i t h O s c i l l o g r a p h i c S y s t e m 
T h e u n s t e a d y - f l o w t e s t s w e r e m a d e w i t h t h e d o w n s t r e a m 
v a l v e r e m o v e d a n d t h e p i p e l i n e d i s c h a r g i n g f r e e l y i n t © t h e 
r e s e r v o i r . T h e p r e s s u r e f l u c t u a t i o n s w e r e m e a s u r e d a t 
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p i e z o m e t e r s n o s . 3 ? 6 9 a n d 9 b y m e a n s o f e l e c t r o n i c p r e s s u r e 
t r a n s d u c e r s c o n n e c t e d t o t h e r e c o r d e r s . 
U n s t e a d y f l o w w a s o b t a i n e d b y p e r i o d i c a l l y o p e n i n g 
a n d p a r t i a l l y c l o s i n g t h e u p s t r e a m v a l v e . I n r u n s F9 G , a n d 
H , t h e v a l v e w a s o p e r a t e d b e t w e e n t h e l i m i t s o f v a l v e 
p o s i t i o n s 2 a n d 6 , 2 a n d 5 S a n d 2 a n d 5 j , r e s p e c t i v e l y . 
T h e o s c i l l o g r a p h i c s y s t e m w a s c a l i b r a t e d f o r p r e s s u r e 
m e a s u r e m e n t s b y r a i s i n g t h e a m b i e n t p r e s s u r e i n t h e p i p e ­
l i n e a k n o w n a m o u n t b y m e a n s o f c o m p r e s s e d a i r . 
U n s t e a d y - F l o w T e s t s w i t h O s c i l l o s c o p e 
T h e s e t e s t s w e r e m a d e a s a c h e c k o n t h e r e s p o n s e o f 
t h e o s c i l l o g r a p h i c s y s t e m . A l l t e s t s w e r e m a d e a t p i e z o m e t e r 
n o . 6 w i t h t h e u p s t r e a m v a l v e o p e r a t e d p e r i o d i c a l l y f r o m 
v a l v e p o s i t i o n 2 t o p o s i t i o n 6 . T i m e w a s m e a s u r e d b y 
s e t t i n g t h e s p e e d o f m o v e m e n t o f t h e b e a m a c r o s s t h e o s c i l ­
l o s c o p e s c r e e n . 
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CHAPTER I V 
SUMMARY AND DISCUSSION OF RESULTS 
Summary o f S t e a d y - F l o w T e s t s 
The r e s u l t s o f t h e s t e a d y - f l o w t e s t s w i t h d o w n s t r e a m -
v a l v e c o n t r o l a r e shown i n T a b l e 1 . 
These r e s u l t s w e r e used t o d e f i n e t h e a p p r o x i m a t e 
pump c h a r a c t e r i s t i c c u r v e s f o r t h e c o n d i t i o n o f no c a v i t a t i o n , 
shown as t h e upper c u r v e s i n F i g . 4 (open c i r c l e s ) . 
The r e s u l t s o f t h e s e t e s t s w e r e a l s o u s e d t o 
d e t e r m i n e a r e l a t i o n s h i p b e t w e e n s l o p e o f t h e p i e z o m e t r i c 
head l i n e and w e i g h t r a t e o f f l o w . T h i s r e l a t i o n s h i p 
p e r m i t t e d d e t e r m i n a t i o n o f t h e d i s c h a r g e i n o t h e r s t e a d y -
f l o w t e s t s . 
The D a r c y - W e i s b a c h e q u a t i o n and t h e B l a s i u s e q u a t i o n 
f o r f l o w i n smooth p i p e s c a n be combined and r e d u c e d t o t h e 
f o r m 
s - K G 1 . 7 5 ( 1 ) 
i n w h i c h 
s i s t h e s l o p e o f t h e p i e z o m e t r i c h e a d l i n e 
K i s a c o n s t a n t , 
G i s t h e w e i g h t r a t e o f f l o w ( l b / s e c ) , 
1 1 
E x p e r i m e n t a l s o l u t i o n w a s c h o s e n f o r t h e c o n s t a n t i n 
e q u a t i o n ( 1 ) b e c a u s e s u f f i c i e n t l y a c c u r a t e m e a s u r e m e n t o f 
t h e d i a m e t e r o f t h e c o p p e r t u b i n g w a s n o t c o n s i d e r e d f e a s i b l e 
a n d b e c a u s e o f a d d i t i o n a l l o s s e s t h a t w e r e i n t r o d u c e d b y 
d e n t s i n t h e t u b i n g , t h e t u b i n g b e i n g c o i l e d ^ , e t c . H o w e v e r , 
s i n c e t h e m a x i m u m R e y n o l d s n u m b e r e n c o u n t e r e d i n a l l t e s t s 
4 
w a s a b o u t 4 x 1 0 , a n e q u a t i o n o f t h e B l a s i u s t y p e » 
( e q u a t i o n ( 1 ) ) , i s a p p l i c a b l e . T h e c o n s t a n t i n e q u a t i o n ( 1 ) 
w a s f o u n d t o h a v e a v a l u e o f 0 . 8 6 7 . 
T a b l e 2 c o n t a i n s t h e r e s u l t s o f t h e s t e a d y - f l o w 
t e s t s w i t h t h e u p s t r e a m v a l v e a s t h e c o n t r o l . 
T h e c h a r a c t e r i s t i c c u r v e s o f t h e c a v i t a t i n g p u m p s 
d e r i v e d f r o m t h e s e t e s t s a r e s h o w n a s t h e l o w e r c u r v e s i n 
F i g . 4 ( c l o s e d c i r c l e s ) . 
T h e l i n e s o f p r e s s u r e g r a d i e n t ( o r d i n a t e i n p o u n d s 
p e r s q u a r e i n c h ) a r e s h o w n i n F i g . 5 f o r t h e v a r i o u s v a l v e 
p o s i t i o n s . 
T h e r e l a t i o n s h i p b e t w e e n d i s c h a r g e a n d v a l v e p o s i t i o n 
i n s h o w n i n F i g . 6 . 
S u m m a r y o f U n s t e a d y - F l o w T e s t s 
T h e r e s u l t s o f t h e u n s t e a d y - f l o w t e s t s w i l l b e d i s ­
c u s s e d i n t h e o r d e r o f i n c r e a s i n g a m p l i t u d e o f v a l v e 
o p e r a t i o n , t h a t i s , r u n G f o l l o w e d b y r u n H a n d r u n F . 
T y p i c a l s e c t i o n s o f t h e p r e s s u r e - t i m e r e c o r d s m a d e 
w i t h t h e o s c i l l o g r a p h i c s y s t e m a r e s h o w n i n F i g s <> 7 g 8 3 a n d 
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9 , f o r r u n s G, H, and F , r e s p e c t i v e l y . The r a n g e o f v a l v e 
o p e r a t i o n i n t h e s e r e s p e c t i v e r u n s was b e t w e e n t h e l i m i t s 
o f v a l v e p o s i t i o n s 2 ( f u l l y o p e n ) and .5 , 2 and 5 ^ , and 
2 and 6 . The p e r i o d s o f t h e c y c l e s o f v a l v e o p e r a t i o n 
v a r i e d somewhat b u t were a b o u t 5 . 8 S 5 . 0 s and 5 , 9 s e c o n d s , 
f o r t h e t h r e e r u n s , 
/ The w a v e s o f o n e c y c l e f r o m e a c h o f r u n s G, H, and 
F, r e s p e c t i v e l y , a r e shown a t an e n l a r g e d s c a l e i n F i g s . 1 0 , 
1 1 , and 1 2 . A l s o shown i n F i g s * 11 and 1 2 , s u p e r i m p o s e d 
on t h e m e a s u r e d w a v e s , a r e w a t e r hammer w a v e s d e r i v e d by a 
q u a l i t a t i v e a n a l y s i s o f t h e p r o b l e m . 
The peak p r e s s u r e s a t p i e z o m e t e r s n o s . 3 , 6 , and 9 , 
f o r e v e r y c y c l e o f o p e r a t i o n a r e shown i n T a b l e s 3 , 4 , 
and 5 , r e s p e c t i v e l y . 
Q s o i l l o s c o p i c r e c o r d s o f p r e s s u r e w a v e s a r e shown 
i n F i g . - 1 3 . The l a r g e s t w a v e s from t h e two p h o t o g r a p h s i n 
F i g . 13 a r e shown a t an e x p a n d e d s c a l e i n F i g . 1 4 . A l s o 
shown i n c o m p a r i s o n i s t h e l a r g e s t wave from F i g . 1 2 s 
p i e z o m e t e r n o . 6 , and t h e c o r r e s p o n d i n g wave d e r i v e d by 
q u a l i t a t i v e a n a l y s i s . 
D i s c u s s i o n o f S t e a d y - F l o w R e s u l t s 
The upper c u r v e s o f F i g . 4 a r e t y p i c a l o f c e n t r i f u g a l 
pumps o p e r a t i n g w i t h o u t c a v i t a t i o n . C a v i t a t i o n w i t h i n a 
c e n t r i f u g a l pump i s d e p e n d e n t on t h e p r e s s u r e a t t h e i n t a k e 
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sideo In this system the pressure at the pump intakes 
dropped with increased upstream valve closure, as is seen 
in Fig, 5. It is apparent that cavitation began to take 
effect in the pumps between valve positions 4 and 4j (Fig. 4). 
Different functions were used to define the discharge-
valve position relationship of the pipeline for the con­
ditions of cavitation and no cavitation (Figo 6)„ It is 
observed in this Figure that the maximum discharge of the 
pipeline occurred at inlet-valve position 2, This demon­
strates that the valve was fully open at position 2» 
Therefore, position 2 was one limit of valve movement for 
the periodic operation. 
Discussion of Unsteady-Flow Results 
General 
It is apparent from Figs. 11 and 12 that pressures 
of water-hammer magnitude were generated in the pipeline 
by operation of the upstream valve. It is also apparent 
that these pressure surges were not generated in the classi­
cal manner by a rapidly closed downstream valve. The 
conclusion is drawn that water hammer resulted from water-
column collision after some type of separation. 
The most evident type of water-column separation in 
this experiment was vapor cavities formed within the pumps 
by cavitation, as indicated by pump characteristic curves 
(Fig. 4), by the lowest pressures in the pipeline existing 
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at the intake sides of the pumps (Fig, 5), and by the noise 
characteristic of this type of phenomenon. Water hammer was 
then expected upon collapse of these vapor pockets as the 
result of the water-column collision. The recorded waves 
were analyzed in this light. 
Discussion of Run G 
The pressure fluctuations generated by the smallest 
amplitude of periodic valve operation are considered first. 
As the upstream valve was closed from position 2 to 
position 5 the pressure in the pumps and throughout the 
pipeline decreased (Fig. 5). The pressure drop lagged the 
valve movement somewhat since steady flow is never estab­
lished instantaneously upon change of conditions that 
control the flow. Therefore9 it was concluded that, at the 
worst, the cavitation in pump no. 1, closest to the valve, 
was no more severe than for steady flow with the valve 
closed to position 5, In addition, it was concluded from 
Fig. 4 that the intensity of cavitation in pumps nos. 2 and 
3 was less than in pump no. 1 for steady flow conditions. 
During unsteady-flow conditions the lag in flow establish­
ment was expected to increase with distance from the point 
at which the flow was controlled, that is. the upstream 
valve. Therefore, the vapor cavities, if any, that 
developed in pumps nos. 2 and 3 were expected to be less 
extensive than those in pump no. 1. 
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I t was b e l i e v e d t h a t , upon v a l v e o p e n i n g , a n e l a s t i c 
wave may h a v e b e e n f o r m e d by t h e c o l l a p s e o f v a p o r c a v i t i e s 
i n pump n o , 1 . I f s o , t h i s was q u i c k l y d i s s i p a t e d b e c a u s e 
of t h e p r o x i m i t y o f t h e pump t o t h e i n t a k e . I t was c o n s i d e r e d 
d o u b t f u l t h a t l a r g e c a v i t i e s d e v e l o p e d i n pumps n o s , 2 a n d 3 , 
T h e r e f o r e , no e l a s t i c w a v e s o f a p p r e c i a b l e m a g n i t u d e w e r e 
e x p e c t e d t o o r i g i n a t e i n t h o s e p u m p s , T h e p r e s s u r e s u r g e s 
shown i n F i g . 10 w e r e c o n s i d e r e d t o be p r i m a r i l y o f a 
d y n a m i c n a t u r e a s s o c i a t e d w i t h f l o w e s t a b l i s h m e n t . 
D i s c u s s i o n o f R u n s H a n d F 
What was c o n c l u d e d f o r r u n G d o e s n o t a p p l y t o 
r u n s H a n d F . 
D e r i v a t i o n o f E q u a t i o n f o r P r e s s u r e R i s e . C o n s i d e r 
t h e c a s e o f f l o w t h r o u g h a c o n d u i t i n t h e v i c i n i t y o f a pump 
i n w h i c h a c o n d i t i o n of c o l u m n s e p a r a t i o n e x i s t s , s u c h a s 
o p e r a t i o n w i t h c a v i t a t i o n . I f t h e p r e s s u r e i s i n c r e a s e d 
a t a p o i n t u p s t r e a m f rom t h e v a p o r c a v i t y t h e n t h e l i q u i d 
c o l u m n w i l l a c c e l e r a t e t o w a r d t h e c a v i t y . U n d e r t h e s e 
c o n d i t i o n s t h e c a v i t y w i l l d e c r e a s e i n v o l u m e a n d e v e n t u a l l y 
d i s a p p e a r . Upon c o m p l e t e c o l l a p s e o f t h e v a p o r c a v i t y t h e r e 
w i l l b e a p r e s s u r e r i s e , , t h e m a g n i t u d e o f w h i c h w i l l b e 
p r i m a r i l y d e p e n d e n t u p o n t h e r e l a t i v e v e l o c i t i e s o f t h e 
w a t e r c o l u m n s u p s t r e a m a n d d o w n s t r e a m f rom t h e p r e v i o u s l y 
e x i s t i n g c a v i t y . 
The p r e s s u r e c h a n g e a c r o s s a n e l a s t i c - w a v e f r o n t i s 
f o r m u l a t e d a s f o l l o w s (12 ) 
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Ap - - to c ( 2 ) 
i n w h i c h 
Ap i s t h e c h a n g e i n p r e s s u r e a c r o s s t h e wave 
f r o n t ( l b / f t 2 ) , 
p i s t h e mass d e n s i t y o f t h e f l u i d ( l b - s e c 2 / f t 4 ) , 
c i s t h e c e l e r i t y o f an e l a s t i c wave i n t h e g i v e n 
f l u i d ( f t / s e c ) , 
Av i s t h e d i f f e r e n c e i n v e l o c i t y o f t h e f l u i d 
c o l u m n s u p s t r e a m and downs tream from t h e wave ( f t / s e c ) . 
I m m e d i a t e l y p r i o r t o c o l l a p s e o f t h e v a p o r c a v i t y 
t h e a p p r o x i m a t e f l o w c o n d i t i o n s u p s t r e a m and downstream 
from t h e pump c a n be d e s c r i b e d a s shown i n F i g . 15 
i n w h i c h 
v i s t h e v e l o c i t y downstream from t h e v a p o r 
c a v i t y ( f t / s e c ) , 
v + Av i s t h e v e l o c i t y u p s t r e a m from t h e v a p o r 
c a v i t y ( f t / s e c ) , 
p i s t h e p r e s s u r e downstream from t h e v a p o r c a v i t y 
( l b / f t 2 ) , 
p i s t h e s a t u r a t e d v a p o r p r e s s u r e o f t h e f l u i d 
(lb/ft 2 )Y 
S a t u r a t e d v a p o r p r e s s u r e i s a g o o d f i r s t a p p r o x i m a t i o n o f 
t h e p r e s s u r e i m m e d i a t e l y u p s t r e a m from t h e pump when a 
v a p o r p o c k e t i s p r e s e n t w i t h i n . 
When t h e c a v i t y i s c o l l a p s e d t h e r e s u l t i n g e l a s t i c 
wave w i l l move b o t h u p s t r e a m and d o w n s t r e a m , t h a t i s , t h e r e 
w i l l be two wave f r o n t s . I f t h e c h a n g e i n a x i a l s t r e s s i n 
t h e p i p e w a l l i s n e g l e c t e d s t h e n , , i m m e d i a t e l y a f t e r c o l l a p s 
t h e c o n d i t i o n s a r e a p p r o x i m a t e l y a s d e s c r i b e d i n F i g „ 15 
i n w h i c h 
v 9 i s t h e v e l o c i t y o f t h e f l u i d b e t w e e n t h e t w o wave 
f r o n t s ( f t / s e c ) , 
Ap i s t h e p r e s s u r e r i s e o f t h e w a t e r hammer wave 
( l b / f t 2 ) . 
A c r o s s wave I 
Ap " - o c (v - V - Av) 
A c r o s s wave I I 
A p - - p C ( - V * 4- V ) 
A d d i n g 
2&p - - <^c(-Av) 
AP - J tpc A V ( 3 
Q u a l i t a t i v e A n a l y s i s o f t h e P r o b l e m . A p a r t i a l 
u n d e r s t a n d i n g o f t h e p a t t e r n of p r e s s u r e w a v e s r e c o r d e d 
d u r i n g t h i s e x p e r i m e n t was g a i n e d by s t u d y i n g a h i g h l y 
s i m p l i f i e d a n a l o g o u s s y s t e m a n d c o m p a r i n g t h e r e s u l t s w i t h 
t h e p a t t e r n o f p r e s s u r e v a r i a t i o n r e c o r d e d i n r u n s H a n d F„ 
I n c o m p l e x c o n d u i t s an e l a s t i c wave i s s u b j e c t t o a 
m u l t i p l i c i t y o f c h a n g e s d u e t o r e f l e c t i o n s , b o t h p o s i t i v e 
a n d n e g a t i v e , p a r t i a l t r a n s m i s s i o n a n d p a r t i a l r e f l e c t i o n , , 
e t c . ( 1 3 ) , i n a d d i t i o n t o v i s c o u s d a m p i n g • W i t h o u t g r e a t 
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simplification, analysis of the pressure-time history in 
the experimental model would become so complex as to be 
unwieldy. However, this necessary simplification imposes 
definite limitations on the results derived. For this 
reason, it was not attempted in the analysis to predict the 
events that occur after the initial pressure rise at a 
pump drops back to the ambient pressure. 
Consider a pipeline, such as illustrated in Fig, 16, 
in which there are three cavities, analogous to the pumps 
in the experimental model, equally spaced at a distance 
for which the travel time of an elastic wave is 0.02 second 
(equivalent to the experimental setup)„ Spaced intermediately 
between pumps and between pump and outlet are three piezo­
meters numbered the same as the correspondents in the 
experimental model. The cavities (or pumps) are likewise 
numbered. Only the change of pressure from the ambient will 
be considered, that is, water-hammer waves and resulting 
reflections. 
Figure 16 shows the events described in the folowing 
analysis. 
As the upstream valve is opened the increase in 
pressure gradient initiates movement in the fluid upstream 
from pump no, 1 and the cavity is collapsed at time tQ. An 
elastic wave results. 
In this case only, consideration will be given to 
the short length of pipe upstream from pump no. 1, After 
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the pressure wave travels the short distance to the reservoir 
it is reflected negatively, that is, the pressure in the 
pipeline returns to a value equal to that of the reservoir 
(tQ + 0.0005). Therefore, the duration of the pressure rise 
at any given point is about 1/2000 second, a time too rapid 
to be recorded by the oscillograph. Because of proximity 
to the pipeline intake, pump no. 1 will be considered to 
have no effect on the pressure fluctuations in the remain­
ing analysis. 
Upon collapse of the vapor cavity in pump no. 1 there 
is an immediate increase in the capability of the pump to 
impart energy to the fluid. The result of this is an 
increase in the pressure differential across the pump (the 
pressure differential changes from the lower to the upper 
curves in Fig. 4) and consequently an increase in the 
pressure gradient downstream from pump no. 1. 
This increase In pressure gradient causes acceleration 
of the fluid and, ultimately, causes the vapor cavity in 
pump no. 2 to collapse (t̂ ) . Pressure changes are recorded 
at piezometers nos. 3 and 6 simultaneously (t-̂  + 0.01s 
t̂  + 0.03). This is based on the assumption that the wave 
front traveling downstream is reflected at the vapor pocket 
in pump no, 3, just as the wave traveling upstream is 
reflected at the reservoir. This seems to be a reasonable 
assumption based on the fact that the travel time of the 
p r e s s u r e wave i s s h o r t i n c o m p a r i s o n w i t h t h e t i m e r e q u i r e d 
f o r d e c a y o f v a p o r p o c k e t n o . 3„ 
At t i m e t-^ + 0 , 0 4 b o t h w a v e s , h a v i n g b e e n r e f l e c t e d 
n e g a t i v e l y , meet a t pump n o , 2 and c a u s e t h e p r e s s u r e t o be 
r e d u c e d by t w i c e t h e m a g n i t u d e o f t h e i n i t i a l p r e s s u r e 
r i s e „ l e s s t h e e f f e c t o f a t t e n u a t i o n . As was p r e v i o u s l y 
s t a t e d , t h e c o n t i n u o u s t r a n s m i s s i o n and r e f l e c t i o n o f t h i s 
wave t h r o u g h o u t t h e p i p e l i n e w i l l n o t be f o l l o w e d f u r t h e r 
b e c a u s e o f t h e i n a d e q u a c y o f t h e s i m p l i f i e d a n a l y s i s t o 
a c c u r a t e l y p r e d i c t a wave h i s t o r y . 
At t i m e t 2 t h e a c c e l e r a t i o n o f t h e f l u i d c a u s e s t h e 
v a p o r p o c k e t i n pump n o , 3 t o c o l l a p s e . T h i s i s d e d u c e d 
from t h e same r e a s o n i n g w h i c h l e d t o t h e p r e d i c t i o n o f t h e 
c o l l a p s e o f t h e v a p o r p o c k e t i n pump n o , 2 a t t i m e t-^. 
S i n c e t h e r a t e o f f l o w i s i n c r e a s i n g w i t h t i m e d u r i n g t h e 
p r o c e s s o f f l o w e s t a b l i s h m e n t , t h e d i f f e r e n c e i n v e l o c i t y 
a c r o s s pump n o , 3 , and t h e r e f o r e t h e c o n s e q u e n t p r e s s u r e 
r i s e , i s e x p e c t e d t o be g r e a t e r t h a n t h o s e w h i c h had o b ­
t a i n e d e a r l i e r a c r o s s pumps n o s , 1 and 2 , P r e s s u r e c h a n g e s 
a r e r e c o r d e d a t t i m e s t 2 + 0,01^, t 2 + 0 , 0 3 s and t 2 + 0 , 0 5 , 
At t i m e t 2 + 0 , 0 6 t h e p r e s s u r e d r o p s b e l o w t h e a m b i e n t and 
t h e r e f o r e t h e a n a l y s i s i s s t o p p e d . 
Compar i son o f R e s u l t s o f Q u a l i t a t i v e A n a l y s i s w i t h 
R e c o r d e d Waves , The p r e s s u r e f l u c t u a t i o n s r e s u l t i n g from 
t h i s a n a l y s i s h a v e b e e n s u p e r i m p o s e d on t h e r e c o r d e d w a v e s 
i n F i g s , 11 and 1 2 , The m a g n i t u d e o f t h e p r e s s u r e was made 
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to conform, in general, with the measured pressure. Com­
parison of the results of the qualitative analysis with 
the recorded waves showed that the best agreement was 
provided by relating the results of the analysis to the 
peaks of the waves, rather than to the points of initiation 
of pressure rise. The waves have been shown in this 
manner in Figs. 11 and 12. 
A number of observations can now be made about 
runs H and F in relation to the analytical solution. 
It is observed (Figs. 11 and 12) that the recorded 
waves at piezometer no. 3 lagged those derived by analysis 
by about 0.04 second. This was possibly due to error in 
measurement. Pressure at piezometer no. 3 was recorded 
on a separate oscillograph, as was explained previously. 
The oscillographs were synchronized by simultaneous marks 
in the timer channel. Due to the relatively slow speed of 
the recorder paper (approximately 0.18 in/sec) a small 
error in the relationship of timer and pressure-measuring 
styli would cause a relatively large error in measurement. 
Additional error may have been introduced in reducing the 
data from the oscillograph records. 
No water-hammer wave was attributable to pump no. 1 
because of the short length of pipe from the reservoir to 
pump no. 1. 
The first pressure fluctuations of appreciable 
magnitude occurred at piezometers nos, 3 and 6 at the same 
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t i m e ( F i g s , 11 and 1 2 ) ; t h e y w e r e n o t r e c o r d e d a t p i e z o m e t e r 
n o , 9 . I t was t h e r e f o r e c o n c l u d e d t h a t t h e waves o r i g i n a t e d 
i n pump n o , 2 , S i n c e t h e p r e s s u r e a t p i e z o m e t e r n o , 9 
r e m a i n e d a t a r e l a t i v e l y c o n s t a n t low v a l u e ( a b o u t 2 l b / i n 2 
i n r u n G, 2\ l b / i n ^ i n r u n F) i n d i c a t i v e o f c a v i t a t i o n i n 
pump n o , 3 , t h e v a p o r p o c k e t s must have p r e v e n t e d t h e e l a s t i c 
waves f r o m b e i n g t r a n s m i t t e d t h r o u g h t h a t pump. 
I t was n o t e d t h a t t h e r e s u l t s o f t h e q u a l i t a t i v e 
a n a l y s i s a g r e e d w i t h t h e m e a s u r e d r e s u l t s i n s o f a r as t h e 
f i r s t wave o r i g i n a t e d i n pump n o , 2 , H o w e v e r , t h e r e was no 
s i m i l a r i t y i n s h a p e , t h a t i s , t h e p r e s s u r e - t i m e r e l a t i o n s h i p s 
were q u i t e d i s s i m i l a r . T h i s r e s u l t was e x p e c t e d when an 
e x p l a n a t i o n was g i v e n f o r n o t c a r r y i n g t h e a n a l y s i s o u t 
beyond t h e f i r s t w a v e . I n t h e p i p e l i n e mode l t h e r e were 
waves r e f l e c t e d f r o m p i e z o m e t e r s , f r o m changes i n e l a s t i c i t y 
i n t h e p i p i n g , f r o m pumps, f r o m r e s e r v o i r s , e t c , t h a t 
t r a v e l e d t h r o u g h o u t t h e s y s t e m u n t i l a t t e n u a t e d by v i s c o u s 
f o r c e s . I t was t h e s e waves t h a t were d i f f i c u l t t o p r e d i c t . 
The n e x t wave i s o b s e r v e d t o r e a c h a peak s i m u l ­
t a n e o u s l y a t p i e z o m e t e r s n o s , 6 and 9 ( F i g s , 11 and 1 2 ) , 
T h i s i n d i c a t e s t h a t t h e s o u r c e o f t h e wave was pump n o , 3 , 
w h i c h was s i t u a t e d midway b e t w e e n t h e p i e z o m e t e r s „ The 
l a t e r o c c u r r e n c e o f a wave r e c o r d e d o n l y a t p i e z o m e t e r 
n o , 3 i n d i c a t e s t h a t t h i s was t h e same wave and t h a t i t 
had been t r a n s m i t t e d t h r o u g h pump n o . . . 2 . 
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I t was n o t e d t h a t t h e wave e m a n a t i n g f r o m pump n o , 3 
was o f g r e a t e r m a g n i t u d e t h a n p r e v i o u s w a v e s . T h i s con forms 
w i t h t h e a s s u m p t i o n s made e a r l i e r . Whereas t h e v e l o c i t y 
downstream f r o m a pump d i d n o t v a r y g r e a t l y p r i o r t o 
c o l l a p s e o f v a p o r c a v i t i e s , t h e u p s t r e a m v e l o c i t y i n c r e a s e d 
d u r i n g t h e p r o c e s s o f f l o w e s t a b l i s h m e n t . 
A g a i n t h e p r e s s u r e - t i m e r e l a t i o n s h i p ( s h a p e ) o f t h e 
r e c o r d e d wave d i d n o t a g r e e w i t h t h e r e s u l t s o f t h e q u a l i ­
t a t i v e a n a l y s i s . T h i s w i l l be d i s c u s s e d f u r t h e r i n t h e 
f o l l o w i n g s e c t i o n . 
T h i s s t u d y i n d i c a t e d t h a t a wave was t r a n s m i t t e d 
t h r o u g h a pump under c e r t a i n c i r c u m s t a n c e s (wave o r i g i n a t i n g 
i n pump n o . 3 t r a n s m i t t e d t h r o u g h pump n o . 2 ) b u t when a 
v a p o r p o c k e t o f s u f f i c i e n t m a g n i t u d e was p r e s e n t (pump 
n o . 3 ) t h e wave was r e f l e c t e d (wave o r i g i n a t i n g i n pump 
n o . 2 ) . The r e l a t i o n s h i p b e t w e e n t h e s e v e r i t y o f c a v i t a t i o n 
and t h e r e f l e c t i o n and t r a n s m i s s i o n c h a r a c t e r i s t i c s o f a 
c e n t r i f u g a l pump was n o t known and c o u l d n o t be d e t e r m i n e d 
f r o m t h e r e s u l t s o f t h i s e x p e r i m e n t . 
A l s o e v i d e n t was t h e change i n t i m e b e t w e e n t h e f i r s t 
and second w a v e s . I n t e r m s o f t h e q u a l i t a t i v e a n a l y s i s , 
* 2 ~ * 1 w a s S r e a ^ e r i n r u n F t h a n i n r u n H . S i n c e t h e 
t i m e r e q u i r e d t o e s t a b l i s h f l o w s u f f i c i e n t t o c o l l a p s e t h e 
v a p o r c a v i t i e s i n a pump i s d e p e n d e n t on t h e s i z e o f t h e 
c a v i t i e s p r e s e n t , t h e t i m e , t 2 - t ^ , was e x p e c t e d t o i n c r e a s e 
w i t h i n c r e a s e d r a n g e o f v a l v e o p e r a t i o n . 
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P r e s s a r e - T i m e H i s t o r y o f Wave f r o m O s c i l l o s c o p e . The 
m a g n i t u d e and shape ( p r e s s u r e - t i m e a t a g i v e n p o i n t ) o f a 
w a t e r - h a m m e r wave c a u s e d by w a t e r - c o l u m n c o l l i s i o n w i t h a 
b o u n d a r y , such as a v a l v e , can be p r e d i c t e d w i t h a v e r y 
good d e g r e e o f r e l i a b i l i t y ( 1 0 ) . Not so much i s known, 
h o w e v e r , when t h e w a t e r - c o l u m n c o l l i s i o n o c c u r s a t some 
i n t e r i o r p o i n t i n a p i p e l i n e . Even l e s s i s known about t h e 
wave fo rms t o be e x p e c t e d when a v a p o r p o c k e t c o l l a p s e 
o c c u r s i n an o p e r a t i n g pump. I n t h e q u a l i t a t i v e a n a l y s i s i t 
was assumed t feat t h e r e was an i n s t a n t a n e o u s p r e s s u r e r i s e 
t o t h e t h e o r e t i c a l v a l u e , w h i c h i s c e r t a i n l y n o t v a l i d . The 
c o m p l e x i t y o f t h e p r o b l e m has been s u g g e s t e d by K e p h a r t and 
D a v i s ( 1 4 ) . 
. . . t h e a u t h o r s s u s p e c t t h a t s t e a m f o r m e d d u r i n g a 
w a t e r co lumn s e p a r a t i o n does n o t condense a t c o n s t a n t 
p r e s s u r e as has b e e n c u s t o m a r i l y assumed h e r e t o f o r e 
i n c a l c u l a t i o n s o f t h i s t y p e 0 The manner i n w h i c h 
d i s s o l v e d gases l e a v e and r e - e n t e r s o l u t i o n may be o f 
s i g n i f i c a n c e . The f o r m a t i o n o f a s i n g l e d i s c r e e t 
v a p o r - a i r b u b b l e w i t h a t r u e i n t e r f a c i a l s e p a r a t i o n 
seems h i g h l y i m p r o b a b l e ; i t a p p e a r s more l i k e l y t h a t 
an a i r - v a p o r - l i q u i d m i x t u r e o f r e l a t i v e l y l o n g l e n g t h 
i s f o r m e d . G e n e r a t i o n o f s u r g e p r e s s u r e upon c o l l a p s e 
o f a foamy m i x t u r e may b e a r l i t t l e r e l a t i o n s h i p t o 
s u r g e p r e s s u r e g e n e r a t e d by c o l l a p s e o f a d i s c r e e t 
a i r - v a p o r s p a c e . 
Some i n d i c a t i o n o f t h e p r e s s u r e - t i m e r e l a t i o n s h i p o f 
t h e waves g e n e r a t e d u n d e r c e r t a i n c o n d i t i o n s i s g i v e n by 
F i g . 1 3 . These a r e p h o t o g r a p h s o f p r e s s u r e f l u c t u a t i o n s a t 
p i e z o m e t e r n o . 6 r e c o r d e d by an o s c i l l o s c o p e f o r t h e c o n ­
d i t i o n o f t h e u p s t r e a m v a l v e b e i n g o p e r a t e d c y c l i c l y f r o m 
p o s i t i o n s 2 t o 6 . The l a r g e s t waves i n t h e two p h o t o g r a p h s 
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a r e shown t o g e t h e r a t an expanded s c a l e i n F i g . 1 4 . A l s o 
shown i n t h i s F i g u r e i s t h e e q u i v a l e n t wave f r o m F i g . 12 
( p i e z o m e t e r n o . 6 , r u n F) and t h e c o r r e s p o n d i n g wave d e r i v e d 
by q u a l i t a t i v e a n a l y s i s . 
The l a c k o f a g r e e m e n t i s q u i t e o b v i o u s . T h i s 
i n d i c a t e s t h a t t h e o s c i l l o g r a p h was n o t s e n s i t i v e enough t o 
f o l l o w t h e r a p i d changes i n p r e s s u r e b u t d i d seem t o r e c o r d 
t h e c o r r e c t o r d e r o f m a g n i t u d e , , When t h e n e a r l y v e r t i c a l 
l i n e s o f t h e l a r g e s t waves i n F i g . 9 w e r e compared w i t h 
one o f t h e same waves p l o t t e d i n F i g . 14 i t was r e a l i z e d 
t h a t t h e s l o w s p e e d a t w h i c h t h e r e c o r d i n g s w e r e made on 
t h e o s c i l l o g r a p h c e r t a i n l y must have c o n t r i b u t e d t o t h e 
i n a c c u r a c y . F i g u r e 14 shows t h a t t h e r e s u l t s f r o m t h e 
o s c i l l o g r a p h a r e p r o b a b l y o f t o o l o n g a d u r a t i o n and t h a t 
t h e t r u e d u r a t i o n was c l o s e r t o t h e p r o p o s e d a n a l y t i c a l 
s o l u t i o n . The r e l a t i o n o f t h e r e c o r d e d wave and t h e a c t u a l 
t i m e o f t h e w a t e r - h a m m e r s u r g e c o u l d n o t be d e t e r m i n e d . 
C o m p a r i s o n o f Change o f Range o f V a l v e O p e r a t i o n i n t h e 
T h r e e Runs 
T a b l e s 3 , 4 , and 5 show t h e r e s u l t a n t maximum 
p r e s s u r e on e a c h c y c l e o f o p e r a t i o n a t p i e z o m e t e r s ncfcs. 3 , 
6 , and 9 , r e s p e c t i v e l y , f o r e a c h r u n . Because t h e u p s t r e a m 
v a l v e was o p e r a t e d m a n u a l l y d i f f e r e n c e s i n p e r i o d and o t h e r 
d i s s i m i l a r i t i e s a r e i n v o l v e d . T h e r e f o r e , t o make any s o r t 
o f s t a t i s t i c a l a n a l y s i s o f t h e few c y c l e s o f o p e r a t i o n 
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r e c o r d e d w o u l d h a v e b e e n m i s l e a d i n g . N e v e r t h e l e s s , c e r t a i n 
o b s e r v a t i o n s w e r e m a d e „ 
T h e t r e n d w a s q u i t e e v i d e n t . T h e m a x i m u m p r e s s u r e a t 
t h e v a r i o u s p i e z o m e t e r s i n c r e a s e d w i t h i n c r e a s i n g a m p l i t u d e 
o f v a l v e o p e r a t i o n . 
F i g u r e s 4 a n d 5 s h o w t h a t t h e c a v i t a t i o n i n a l l 
p u m p s i n c r e a s e d w i t h d e c r e a s i n g i n l e t v a l v e o p e n i n g . I t 
w a s i n t u i t i v e l y r e a s o n e d t h e r e f o r e t h a t t h e s i z e o f t h e 
vapor p o c k e t s i n t h e pumps i n c r e a s e d under t h e s a m e c o n ­
d i t i o n s . F o r t h i s r e a s o n a l o n g e r t i m e t o c o l l a p s e e a c h 
p o c k e t w a s r e q u i r e d a s t h e r a n g e o f v a l v e o p e r a t i o n i n ­
c r e a s e d . T h i s , t h e n , p e r m i t t e d a l a r g e r u p s t r e a m v e l o c i t y 
t o b e a t t a i n e d b e f o r e c o l l a p s e a n d t h e r e f o r e a l a r g e r 
m a x i m u m p r e s s u r e r e s u l t e d . 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
Due to the exploratory nature of this experiment the 
conclusions drawn are not necessarily general in nature. 
However, it is believed that they give some insight into 
the phenomena inherent in problems of water hammer related 
to pump cavitation. 
The conclusions drawn from this study are as folows, 
(1) Water-hammer pressures could be generated in a 
pipeline system containing centrifugal pumps in which there 
were unsteady-flow conditions. 
(2) During that phase of unsteady operation in which 
the flow was accelerating, water-hammer waves originated 
from collapses of vapor cavities in successive pumps, 
beginning at an upstream pump. 
(3) The pressure rise of the water-hammer waves 
increased with successive collapses, as the velocity of 
flow increased. 
(4) The pressure rise of the water-hammer waves 
increased with increasing degree of cavitation in the pumps. 
(5) The time between vapor-cavity collapses in 
consecutive pumps increased with increasing degree of 
cavitation in the pumps. 
2 8 
( 6 ) Water -hammer waves w e r e t r a n s m i t t e d t h r o u g h 
o p e r a t i n g c e n t r i f u g a l pumps i n w h i c h t h e r e was no c a v i t a t i o n 
b u t w e r e n o t t r a n s m i t t e d t h r o u g h t h o s e same pumps when v a p o r 
p o c k e t s o f s u f f i c i e n t s i z e w e r e p r e s e n t . 
Recommendat ions 
The f o l l o w i n g r e c o m m e n d a t i o n s a r e made t o f u t u r e 
i n v e s t i g a t o r s : 
( 1 ) S t u d y s h o u l d be made o f t h e r e l a t i o n s h i p b e t w e e n 
v e l o c i t y o f f l o w u p s t r e a m and downst ream f r o m a v a p o r 
p o c k e t i n a pump and t h e p r e s s u r e r i s e r e s u l t i n g f r o m i t s 
c o l l a p s e , 
( 2 ) S t u d y s h o u l d be made o f t h e e f f e c t o f d i f f e r i n g 
d e g r e e s o f c a v i t a t i o n on t h e p r e s s u r e - t i m e r e l a t i o n s h i p o f 
t h e w a t e r - h a m m e r waves r e s u l t i n g f r o m c o l l a p s e s o f v a p o r 
c a v i t i e s i n c e n t r i f u g a l pumps. 
( 3 ) The t r a n s m i s s i o n - r e f l e c t i o n c h a r a c t e r i s t i c s o f 
w a t e r - h a m m e r waves p a s s i n g t h r o u g h o p e r a t i n g c e n t r i f u g a l 
pumps s h o u l d be s t u d i e d i n r e l a t i o n t o t h e d e g r e e o f 
c a v i t a t i o n i n t h e pumps. 
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A P P E N D I X 
O n t h e f o l l o w i n g p a g e s a p p e a r t h e t a b l e s a n d 
i l l u s t r a t i o n s o f t h i s t h e s i s . 
Table 1. Data from Steady-Flow Tests with Downstream-Valve Control 
Gage Pressure in Pipeline (lb/in*) Pumps Flow Rate Operating Piezometer Number (lb/sec) 
1 2 3 4 5 6 7 8 9 1, 2 o 3 -2.1 18.9 11.5 3.5 24.7 17,4 8.9 31.8 22 .8 0 .660 
1, 2 -1.2 21.0 16.0 10.5 33.2 28.1 22.4 21.0 14.9 0.532 
1 -0.4 23.0 20.2 17.3 16.7 13.9 10.8 10.1 6.9 0.377 
1 0.4 27.0 - - - - . - - - 0 
2 - - - 0.3 26.6 - - - - 0 




T a b l e 2 . Data from S t e a d y - F l o w T e s t s w i t h 
U p s t r e a m - V a l v e C o n t r o l 
Gage P r e s s u r e i n P i p e l i n e ( l b / i n ) 
V a l v e F16w E a t e 
P o s i t i o n P i e z o m e t e r Number ( l b / s e c ) 
1 2 4 5 7 8 9 
0 - 4 . 9 17 . 1 - 2 .5 19 , 6 - 1 . 0 2 1 . 8 10 . 4 0 .7 ,65 
1 - 1 . 6 1 9 . 7 - 0 . 6 2 1 , 3 0 . 3 2 2 . 5 1 0 . 8 0 . 7 7 7 
2 - 0 . 9 2 0 , 4 - 0 . 1 2 1 , 8 0 . 5 2 2 . 7 1 0 . 9 0 . 7 8 0 
3 - 2 . 1 1 9 . 3 - 1 . 1 2 0 . 8 Q 22 .2 1 0 . 7 0 . 7 7 4 
4 - 6 . 3 1 5 . 0 - 3 . 8 1 8 , 1 - 1 , 4 2 1 . 0 1 0 . 2 0 . 7 4 3 
- 1 0 . 4 9 . 9 - 6 , 7 1 3 . 5 - 3 . 6 1 7 . 9 8 . 8 0 . 6 8 4 
5 - 1 1 . 6 - 0 . 3 - 1 0 . 7 3 . 8 - 6 , 5 1 1 , 6 5 . 5 0 . 5 2 6 
5 * - 1 2 . 4 - 5 . 1 - 1 1 . 2 - 1 . 4 - 8 , 0 6 . 7 3 . 5 0 . 3 8 5 
6 - 1 2 . 8 - 8 . 8 - 1 1 . 9 - 4 . 5 - 8 . 1 3 . 8 1 . 8 0 , 2 7 8 
7 - 1 2 . 1 - 1 1 . 4 - 1 2 . 1 - 6 . 4 - 6 . 7 1 . 3 0 . 8 0 , 1 0 2 
* 8 - 1 2 . 1 - 1 2 . 1 - 1 2 . 7 - 7 . 7 - 9 . 2 0 . 9 0 , 6 — 
9 - 1 2 . 9 - 1 2 . 9 - 1 2 . 8 - 1 2 . 1 - 1 2 . 0 0 . 6 0 . 3 0 
* P u l s a t i n g f l o w was p r e s e n t a t t h i s v a l v e p o s i t i o n . 
T a b l e 3 . Maximum P r e s s u r e p e r C y c l e a t P i e z o m e t e r N o . 
Wave Run G 
1 1 4 . 8 
2 9 . 7 
3 1 3 . 8 
4 1 3 . 7 
5 1 4 . 1 
6 1 3 . 8 
7 1 4 . 6 
8 1 6 . 9 
9 1 3 . 6 
10 1 1 . 7 








Run H Run F 
4 2 . 2 4 8 . 1 
32 , 3 5 4 . 5 
5 7 . 1 4 7 , 7 
2 4 . 5 3 9 . 4 
3 4 . 7 3 7 . 8 
2 1 . 3 4 7 . 1 
2 2 . 0 4 6 . 4 
2 0 . 4 3 3 . 6 
2 0 . 4 1 9 . 6 
2 4 . 3 3 9 . 0 
3 3 . 5 4 3 . 6 
3 8 . 7 4 2 . 0 
2 2 . 5 2 1 . 3 
3 2 . 1 
42 o 1 2 4 . 5 4 1 . 2 30 . 6 4 4 . 2 
4 1 . 4 4 8 . 1 
3 0 . 3 5 1 . 5 
3 3 
T a b l e 4 . M a x i m u m P r e s s u r e p e r C y c l e a t P i e z o m e t e r N o . 6 
W a v e R u n G R u n H R u n F 
1 2 4 . 0 5 3 . 0 1 0 3 , 8 
2 1 3 . 1 3 8 , 2 8 8 , 1 
3 1 7 . 9 7 8 , 8 1 0 2 . 2 
4 2 0 . 2 2 4 , 4 8 3 , 1 
5 2 1 , 8 3 9 . 9 6 6 , 2 
6 1 9 , 8 3 4 , 6 7 2 , 0 
7 2 2 . 7 1 9 , 4 6 4 , 9 
8 2 2 . 5 2 7 . 4 4 5 , 6 
9 2 2 . 0 2 7 . 4 2 5 , 6 
1 0 1 9 , 8 3 0 . 0 5 7 , 9 
1 1 1 8 . 6 4 9 , 5 6 4 . 8 
1 2 4 3 . 7 4 7 . 2 
1 3 2 8 , 8 3 3 . 4 
1 4 — 4 2 . 1 6 7 . 9 
1 5 2 3 . 2 6 5 . 7 
1 6 3 8 , 2 5 7 . 8 
1 7 —, 5 8 . 1 5 9 . 9 
1 8 4 0 . 0 6 1 . 3 
Table 5. Maximum Pressure per Cycle at Piezometer No. 
Wave Run G 1 18.4 




Run H Run F 44.9 105,9 
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3 8 
0 0.2 0.4 0.6 0.8 1.0 WEIGHT RATE OF FLOW (G) IN LB/SEC 
Figure 4. Pump Performance Characteristics 
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Figure 7 . Typical Section of Oscillographic Record—Run G 
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Figure 8. Typical Section of Oscillographic Record—Run H 
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N o t e , Dashed l i n e s show r e s u l t s f r o m 
q u a l i t a t i v e a n a l y s i s s u p e r i m p o s e d 
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N o t e ; Dashed l i n e s show r e s u l t s 
f r o m q u a l i t a t i v e a n a l y s i s 
s u p e r i m p o s e d on r e c o r d e i i 
0 . 6 0 . 8 
T ime ( s e c ) 
1 . 0 
F i g u r e 1 2 . T y p i c a l C y c l e f r o m O s c i l l o g r a p h ! 
Run F 
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Q u a l i t a t i v e A n a l y s i s 
0 . 1 4 
F i g u r e 1 4 . P r e s s u r e - T i m e H i s t o r y o f L a r g e s t 
W a v e a t P i e z o m e t e r N o . 6 
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>-
a , P r i o r t© W a t e r - C o l u m n C o l l i s i o n 
v+ Av 
P v + AP 1 p + AP 
s r -Co lumn C o l l i s i o n 
F i g u r e 1 5 • A p p r o x i m a t e F l o w C o n d i t i o n s U p s t r e a m a n d 
D o w n s t r e a m f r o m a P u m p , P r i o r . t o a n d S u b ­
s e q u e n t t© W a t e r - C o l u m n C o l l i s i o n 
< i — . r z z z ] i n i t i a l c o n d i t i o n s 
H i s t o r y o f W a t e r - H a m m e r W a v e s 
Q u a l i t a t i v e . A n a l y s i s 
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